Children with brain injuries or cerebral palsy (CP) comprise a large percentage of pediatric clients served by physical therapists. There is no consensus on what the basic parameters should be for different treatment protocols. A very important parameter of intervention that is pivotal for treatment efficacy is dosing. Dosing decisions are complex. To date, the minimum doses for changing structure and function, activity, and participation in children with various disabilities are unknown. This article describes the process and outcomes of a research summit with the goals of: (1) fostering a critical debate that would result in recommendations for the development of largescale, secondgeneration research proposals to address thresholds for effective dosing of interventions for children with brain injuries or CP and (2) enhancing the research capacity of pediatric physical therapists through collaborative research networks. The summit brought together an interdisciplinary cadre of researchers (physical therapists, basic and clinical scientists), representatives from funding agencies, and consumers to an intensive 2.5day think tank. The summit targeted questions of treatment dosage related to 3 areas: practice and neuroplasticity, structurebehavior connections, and clinical trial design. The consensus was that the intervention must demonstrate some evidence of effectiveness before optimal dosing can be investigated. Constraintinduced movement therapy (CIMT) is used as an example of an intervention that has demonstrated effectiveness and that requires dosingrelated research. Summit results, including factors that merit special consideration and recommendations for future doserelated studies, are highlighted.
Physical therapy is an important service for children with physical disabilities, particularly those with an injured brain resulting in neuromotor impairments and functional limitations. These children typically have multiple health complications that often result in complex functional limitations and require extensive health care, education, and vocational training. The costs of interventions result in substantial financial and social challenges for families and society. Although physical therapists frequently provide continuous interventions for children with physical disabilities, including CP, there remains limited empirical support for these services.
Dosing represents a critical and pressing aspect of intervention that is central for treatment efficacy. In this article, dose is defined as the frequency, intensity, time, and type of an intervention. Frequency refers to how often, such as the number of sessions for a given intervention per day, week, or month. Intensity refers to how hard the child works within the intervention session and is recorded as the number of repetitions per minute, day, or week or amount of work (eg, 75% of maximal heart rate). Time refers to the duration of the intervention. Type refers to the kind of intervention and can be focused at any of the dimensions of the International Classification of Functioning, Disability and Health (ICF): body functions and structures, activity, or participation. Within types, variation exists. For example, task practice can vary in the type of behavioral shaping (ie, structured versus unstructured training) and amount of feedback or reward.
Type of intervention is central to the discussion because determining the "salient" or "active" ingredient of an intervention strategy is intimately related to the question of dosing. What is "it" that should be dosed? Intervention strategies also involve interactions with biomechanical, neuromuscular, and psychological elements of a child's behavior, necessitating insight into the mechanism leading to a change in behavior. Consequently, the nature of optimal dosage can be expected to vary with different types of interventions.
Interventionrelated dosing is a source of disagreement among service providers, policy makers, insurers, and researchers, whose recent findings show the potential for high dosing intervention to be the catalyst for positive intervention outcomes. The cost related to high dosing is one impediment to implementation.
Another is uncertainty about the minimal dose that is effective and sufficient. Some of the most promising targeted interventions that seek to promote plastic changes in the brain and muscle, such as training on a treadmill, CIMT, and strength training, have used varying doses. The findings from these studies have highlighted a complex dosing knowledge gap, namely, a disconnect between structural and behavioral changes, where changes that are seen at one dimension of the ICF are not always incorporated into others.
The disconnect between structural and behavioral changes provides a compelling argument for revisiting hypotheses regarding mechanisms for adaptive motor learning and for a critical examination of dosing at the cellular, structural, activity, and participation levels. Collectively, these findings and the question of dosing suggest that scientific exploration of the effect of dosing in pediatric physical therapy and its interaction with other aspects of intervention will be a challenging enterprise. The findings suggest that for the field of pediatric physical therapy or rehabilitation to move forward, the dosing question will require an interdisciplinary coordinated effort, using sound conceptual frameworks and a systems perspective.
Research Summits
A research summit offers a plausible launching pad for promoting an interdisciplinary coordinated effort and addressing some of these complex questions related to dosing. In this article, we define a research summit as a thinktank mechanism whereby different parties can contribute to the development of wellcrafted research programs or action plans designed to move science on a specific topic to the next level. For the past 9 years, the Section on Pediatrics of the American Physical Therapy Association (APTA) has used interdisciplinary research summits developed by the first author and colleagues to foster development of largescale research proposals on a topic of great importance to pediatric practice and simultaneously increase the research capacity of pediatric physical therapists. The results have shown that, with creative and meaningful collaborations, shortterm intensive meetings can help increase the numbers of pediatric therapists with postprofessional doctoral training who are successful in securing funding to conduct research on a targeted topic that advances practice. The first research summit (RS I), in 2004, addressed physical fitness in children with CP and secondary complications. To date, this summit has resulted in 71 publications, 36 presentations, and 29 funded grants, 6 of which were from the National Institutes of Health (NIH), totaling more than $2 million. This article summarizes the highlights of the summit deliberations, factors that merited special consideration regarding dosing interventions, and recommendations for dosing studies that will help advance this area. The emphasis was on 3 body structures known to be affected by injury to the brain, rehabilitation, and dosing: muscle, bone, and brain. We used the ICF as an organizing framework. In addition to discussing issues related to direct intervention strategies, we also emphasized patient and family education and addressed the importance of activity, participation, and family dynamics. We illustrate the need for sequential and systematic studies of dosing and the salient features of intervention upon which dosing parameters should be based by summarizing the findings from an intervention with known efficacy (CIMT) that still requires dosingrelated research.
Summit Organization Participants
A total of 48 individuals (see Appendix) participated in the summit. The planning committee, with the help of other researchers and representatives of funding agencies, identified 12 scientists with relevant expertise in neuroscience, movement science, pediatrics, muscle and exercise physiology, imaging, bone health, neurology, occupational therapy, and statistics. Also invited were representatives from APTA, funding agencies and foundations, and 4 consumers. The committee identified 2 physical therapy researchers with established research agendas and a history of federal funding (Dr Stuart BinderMacleod and Dr Diane Damiano) to serve as facilitators. Details of participants are listed in Table 1 .
Participation by additional pediatric physical therapists was through an application process. An independent review committee selected 17 physical therapist participants who met one or more criteria: history of funded research in the area of interventions or measurement for children with neurological disorders, currently conducting research (funded or unfunded) in this area, or postprofessional physical therapist students who are mentored by researchers conducting clinical trials or intervention research.
All participants submitted a 3page biographical sketch and a 2 to 4page position or perspective paper that focused on the subject of dosing and expectations from the summit and highlighted their own research. The biographical sketches and position or perspective papers were disseminated to all participants before the summit to maximize information sharing and help participants become familiar with one another's research and expertise, thereby facilitating networking and communication during the summit. The planning committee applied for and received funding from APTA's Section on Pediatrics, the National Institute of Child Health and Human Development, and the National Institute of Neurologic Disorders and Stroke to support the cost of the summit.
Format
The RS III was a 3day conference designed to systematically address the current state of clinical research in the area of intervention dosing and to create research networks and goals. The first day focused on information exchange and identification of knowledge gaps. The second day built on the information presented on the first day by formulating scientific questions and considering research designs to explore dosing. The third day was dedicated to the development of recommendations, action plans, and research priorities. The Figure presents the organization of the summit.
The format included formal presentations and small and largegroup discussions. Formal presentations consisted of 2 keynote addresses, presentations by representatives from funding agencies, and 5 or 10 minute platform presentations by participants. The first keynote address was delivered by Dr Edward Taub, an established researcher experienced in multisite clinical trials. The goals of this keynote address were to "frame the summit" and to present "state of the science" in the area of intervention dosing. A panel of 2 family members and 2 individuals with CP gave the second keynote address. All were from the Washington, DC, metro area and diverse in terms of ethnicity, socioeconomic status, and age. The goals for the consumer panel were to highlight the realities of being on the receiving end of clinical practice and the implications of overdosing or underdosing for families.
Overall, the keynote presentations were intended to provide a catalyst for discussions and planning, expand recognition and appreciation of the impact of dosing and its complexity, and highlight potential research questions. Presentations by all participants were intended to define the scope of inquiry by exposing the group to the breadth and themes of research activities in which participants are engaged, exchange information on current and past research efforts, and highlight potential areas for collaborations and strategies for funding.
Small and LargeGroup Discussions
The goals of these group discussions were: (1) to promote the formation of partnerships, (2) to synthesize research findings, (3) to generate research questions that would lead to multisite research projects, and (4) to promote discussion of preliminary research proposals, action plans, and recommendations. Experienced researchers were grouped with less experienced investigators based on areas of interest or expertise. There were a total of 3 smallgroup discussion sessions, each consisting of at least 10 participants: (1) practice and neuroplasticity or muscle plasticity and recovery in children with injured brains or CP, (2) linking structural and behavioral changes and measuring outcomes, and (3) designing clinical trials. These 3 target areas were believed by the planning committee to be the crux for advancing the study of intervention dosing and emphasized muscle, bone, and brain. Participants were preassigned for the first 2 smallgroup sessions and allowed to selfselect for the third smallgroup session based on research interests and potential areas of collaboration. Each small group discussed the same topic simultaneously. Reports of smallgroup discussions were presented to the large group for an entire group discussion and consensus for future collaborative research efforts.
The facilitators oriented the group to the charge and tasks at hand, maintained the focus and integrity of the summit goals, facilitated largegroup discussions, helped the group adhere to time guidelines, provided guidance when needed, and summarized discussions. Four members of the planning committee served as smallgroup facilitators to maintain the integrity of the goals of the smallgroup discussions relative to the summit goals and to record the small and largegroup discussions for later transcription. In the sections that follow, we highlight and summarize deliberations from small and largegroup discussions, specific aspects that merited critical consideration on the topic of dosing, and recommendations for research generated by the summit participants. Examples from the target areas of bone and brain behavior are used to offer models of dosagerelated research that were discussed in the summit.
Opening Large Group
The consensus from the first entire group discussion that followed the keynote addresses and presentations by research participants and representatives from funding agencies was that dosing is a complex, multifactorial construct. Participants acknowledged that the minimal and optimal dosage effects of certain interventions would depend on the cognitive, neuromuscular, and biomechanical resources of the children served, the nature of the intervention strategy, the type of functional goals to be acquired and sustained, and environment influences. A major challenge cited by Dr Taub in his keynote address was to identify the salient components of the intervention itself that lead to changes in motor function and greater independence. Aspects to be considered included: repetitions of movement required per hour, hours of intervention per day, days per week, total number of days, and amount of intervention. From the point of view of clinical practice, questions of intensity of intervention, distribution of intervention, and total time of intervention are related but empirically separate issues, as are their interactions. The sentiment was that each of these variables would require its own set of quantitative studies or that the interaction effects of these variables should be considered separately in comparative effectiveness research. Another challenge, corroborated by the information presented by the panel of consumers, was to determine the interaction of dose with other environmental influences. Caregivers carry over many interventions used in pediatric rehabilitation, often within nonclinical or nonlaboratory settings. The group acknowledged that because dosing may need to be determined for each unique intervention, a systematic exploration of dosing would be a vast enterprise requiring research over many years.
Large and SmallGroup Discussion: Practice and Neuroplasticity or Muscle/Bone Plasticity and Recovery in Children With Injured Brains or CP
Reports from the first smallgroup discussions coalesced around the need to understand the effectiveness or mechanism of recovery for specific types of interventions within and across patients and disorders. Mechanistic explanations must seek to address the question of why some changes are sustainable and some are not. Doserelated mechanistic studies also must address exogenous and endogenous factors likely to interact with plastic changes in the nervous system, bone, and muscles. Studies of the integrity of the bone architecture of children with CP or injured brains offer a model for considering specific exogenous and endogenous factors.
Dosing research questions targeting bone architecture in children with CP should consider exercise that primarily targets the boneforming cells (osteoblasts) in the growing skeleton. Osteoblasts are most responsive to novel, highimpact activities compared with lowimpact activities and are more responsive when rest is included between repetitions. The magnitude of impact loading may be modified based on a child's severity of impairment and may change as a child adapts to the exercise program. Because the skeleton prefers fewer repetitions with more rest between exercise sessions to maximize the skeletal benefits, frequency of dosing will be another important parameter. Bone tissue has a saturation point at which osteoblasts stop responding. Certain exogenous factors that have the potential to both enhance and restrict the osteogenic potential of a particular exercise, such as calcium and vitamin D, bisphosphonates, or anticonvulsants, also need to be considered. In addition, the skeleton requires a longer duration (typically a minimum of 3 months) to generate a measurable response to exercise compared with other organ systems such as cardiac and skeletal muscle tissue. Specific doserelated mechanistic questions were suggested to be different depending on the focus of the inquiry. Examples of mechanistic questions discussed are presented in Table 2 . Other studies have demonstrated significant improvements in unimanual capacity in children who received unilateral training and improved bimanual performance in those who received bilateral upper extremity training. Table 2 presents examples of research questions independently identified by the small groups that, if addressed, would help to elucidate answers to dosing questions and structurebehavior disconnect.
Pertinent to the need to understand structurebehavior connections was the consideration that although outcomes measured in the laboratory are deemed important, the patient's life situation also must be measured to capture the intervention effect. Improvements in the laboratory do not matter if the patient's life situation does not change. Furthermore, outcomes must include determination of retention and whether permanent change has occurred. The conclusion was that valid studies of intervention dosing must discern the minimum and optimal doses that can achieve effects across all levels of the ICF that are sustainable and generalizable to new contexts. The group also highlighted the importance of using and analyzing measures of patient engagement and performancebased data in addition to global measures of intervention intensity and frequency.
The paucity of multilevel outcome measures that span ICF levels and the challenge of balancing the use of many measures with children's tolerance and cost were acknowledged. Given lessons gained from the few clinical trials, combined with greater knowledge of the neural mechanisms underlying brain organization or reorganization in children with CP, doserelated research also must involve use of valid markers of body structure and function that predict changes in activity and participation. The existence of many measures of performance at the activity level of the ICF was acknowledged. These measures could be correlated with data from recent advances in imaging techniques such as voxelbased morphometry and diffusion tensor imaging.
The greatest paucity of measures is at the participation level. The group discussed newer, "smarter" outcomes such as computer adaptive testing (CAT), which tailors items that adapt to the child's ability level. Several CATs have been developed and validated to measure physical function.
Discussion included the use of the PatientReported Outcomes Measurement Information System (PROMIS®), which was developed by NIH to provide a system of highly reliable, precise measurement of patientreported health status for physical, mental, and social wellbeing. The use of CAT and PROMIS® with children with CP has been the focus of several recent investigations.
Large and SmallGroup Discussion: Designing Clinical Trials
The smallgroup discussion session on clinical trials and other complementary research designs identified 3 areas of research: (1) minimal dose and optimal dose for clinically important upper extremity function; (2) optimal dose to improve and sustain functional ambulation in children with CP (Gross Motor Function Classification System [GMFCS] levels II and III), which included examining the optimal dose of physical activity to load the skeleton to increase muscle and bone architecture and bone health; and (3) the relationship between utilization and outcomes in longitudinal studies or comparative effectiveness research (ie, what works for whom and when and the potential benefits and harms of an intervention). A summary of Multisite trials.
Dosing threshold.
Sustainability.
Uptake of the intervention.
Child and family engagement.
Common outcomes.
the extensive discussions on doserelated study designs, challenges, and opportunities as they pertain to these 3 areas are outlined below. The summary also serves as recommendations for future doserelated research designs.
Collaborative multisite trials and longitudinal studies, including comparative effectiveness designs, were recommended as necessary strategies for attaining a critical mass of data to address the dosing questions and challenges described previously. Investigators should propose and only study interventions that have the potential to generate meaningful change for the child and family and that are clinically feasible, costeffective, and both tolerable and safe.
Determining effective dose must involve a sequential set of related hypotheses and studies. Demonstration of effectiveness in achieving a meaningful outcome should come first, followed by carefully planned studies to determine the minimal dose for eliciting or maintaining the same desired outcome. The sequential approach should further require identification of the salient components of the intervention itself that lead to changes in ultimate independence of the participants and questions of frequency, intensity, and timing of a type of intervention (dosing), which are related but empirically separate issues, as well as including covariates such as child characteristics.
For the intervention to be considered effective, gains achieved at the end of an intervention regimen must be sustainable, which would require at least one followup evaluation after more temporary effects would have dissipated. Promoting sustainability would need to incorporate strategies such as a "transfer package," which is a detailed home program to facilitate transfer of therapeutic gains to daily life activities.
Related to sustainability is the concept of intervention uptake. This concept refers to tracking changes at different time points during an intervention to gather information on the dose response relationship, determine at what points different outcomes were achieved, and establish whether continued intervention beyond that produced led to continued improvements. This recommendation suggests that dosingrelated studies will require repeatedmeasures designs rather than pretestposttest designs.
Although all agreed that it would be useful to evaluate optimal dosing, it was recognized that other factors beyond the dose would affect the response and, therefore, would need to be measured as well. Because personal and environmental factors will moderate or mediate the dose response relationship, they must be clearly defined, measured, and included in analyses. Personal factors must include motivation, selfefficacy, level of engagement, and environmental family resources. The group agreed that the onus should be on all investigators to study only interventions that have the potential to generate meaningful change for the child and family and that are feasible, costeffective, tolerable, and safe. Because variability in response to dosed interventions is due, in part, to individual differences that are social, cultural, psychological, and genetic, the complexity of teasing out the influence of individual differences will be confounded by the interrelationships among these factors and the biological factors outlined previously. The question for researchers should be: What aspects of the family, beyond socioeconomic status and ethnicity, interact with intervention doses to influence outcomes? The consumer panel raised concerns about discontinuities of therapy, especially as children grow older, and elaborated on the importance of tailoring the intensity of therapy to the child's current agerelated interests, such as sports or work. Therefore, doserelated studies will require use of multivariate designs and clear theoretical or conceptual frameworks. The panel strongly advocated for an increased level of consumer input in research and training projects and that such input should be solicited early in the process of grant proposal or program planning.
The group discussed the need to consider having an agreedon minimal dataset or consistent set of outcomes for studies with similar aims, such as those with the goal of improving ambulation or upper limb function. Existing resources such as the NIH Toolbox and PROMIS® warrant consideration and further exploration as standard outcomes for dosing investigations. Because metaanalyses are one approach to determine the effectiveness of existing interventions, the use of common outcomes was viewed as being of great importance in addressing dosing questions.
Overall, the consensus was that the intervention must demonstrate some evidence of effectiveness before optimal dosing should be investigated. An example of an intervention that has demonstrated effectiveness and that requires dosingrelated research is CIMT with children. This intervention also was selected as a future focus area by one group during the smallgroup discussions to address the question of a minimal dose and optimal dose for clinically important upper extremity function. What follows is a brief account of the modified CIMT findings, summarized in Table 3 , that underscores dosing cannot be considered separately from the various other parameters of intervention that it interacts with closely.
Initially, children with CP and hemiplegia (aged 7 months to 8 years) were given 6 hours of intervention per day involving functional task practice with shaping (ie, training with positive reinforcement) for 15 consecutive weekdays. Subsequently, in children with CP and hemiplegia aged 2 to 6 years, it was found that just 3 hours per day, for 15 days, yielded results that were equivalent. Further research showed that reducing the duration of training from 15 to 10 consecutive weekdays while keeping the number of hours of training per day at 3 hours did not reduce the therapeutic outcome. However, restraint of the less affected arm, accomplished by casting, was maintained 24 hours per day in each of the studies. Another early CIMT research model, developed in parallel, demonstrated motor learning after extensive practice. In this paradigm, modified restraints and ageappropriate activities (play) with the more affected upper extremity were used. It should be pointed out, however, that despite there being nearly 70 studies of pediatric CIMT, until recently almost all of these studies compared the intervention with a nointervention or usual and customary care group at normal dosing schedules, suggesting that improvements following CIMT may be a reflection of time rather than the type of intervention itself. Following the development of handarm bimanual intensive therapy (HABIT), randomized controlled trials of HABIT and modified CIMT have shown that both groups demonstrated similar improvements in unimanual dexterity and use of the impaired upper extremity as a bimanual assist.
Improvements in spatiotemporal coordination of the upper extremities during a bimanual task suggest the importance of specificity of practice (type). Overall findings show that 90 hours of training resulted in better improvements and better retention of improvements at subsequent followup than 60 hours of training. This example highlights the importance of research to understanding the specific therapeutic ingredients and their relationship to sustained changes.
Outcomes
The primary goal of this summit was to foster a critical debate that would result in recommendations for the development of largescale research proposals to address dosing for children with injured brains or CP. Information presented in the preceding sections suggests that the summit was successful in fostering a critical debate on this topic and proposing recommendations for advancing research on this topic. The next steps for moving intervention dosing forward are summarized in Table 4 and outline what RS III participants, physical therapists, and different entities can do to advocate that intervention dosing be a research priority and to foster collaborations on a broad scale.
The second goal of enhancing the research capacity of pediatric physical therapists by facilitating collaborations and networking was partially realized, as evidenced by how the groups selfselected for the third smallgroup discussion. Some of the groups went on to plan and submit 2 interdisciplinary planning grants that were funded by the Section on Pediatrics in 2012. Pediatric physical therapists served as principal investigators. As observed in previous summits, we expect the benefits of this summit to increase with time. Summit participants will be surveyed every 2 years about submitted grants, funded research, and publications that resulted from this summit. This research summit was considered the first and necessary step in a systematic and indepth analysis of dosing questions and an interdisciplinary approach toward secondgeneration doserelated research. The overall consensus is that an intervention must demonstrate effectiveness before doserelated studies can be undertaken. In this article, we summarized the process and outcome of the group discussions, highlighted several factors that merit special consideration for dosing studies, and proposed recommendations for clinical trials and other strategies to advance research on this topic. The recommendations are intended to facilitate secondgeneration intervention research questions and targeted interdisciplinary multisite protocols, influence funding, foster understanding of doseresponse rehabilitation protocols at all levels of the ICF, and ultimately improve the lives of children with an injured brain or CP.
Conclusion
Appendix. 
Examples of DoseRelated Research Questions
CNS=central nervous system, CIMT=constraintinduced movement therapy, GMFCS=Gross Motor Function Classification System, CP=cerebral palsy. Table 3 .
Chronology of the Modified ConstraintInduced Movement Therapy (CIMT) Studies and Relation to Dosing
A retrospective analysis of more than 100 children undergoing either 60 or 90 hours of modified CIMT or handarm bimanual intensive therapy (HABIT) show that 90 hours of training resulted in better improvements or better retention of improvements at subsequent followup than 60 hours of training. UE=upper extremity, ICF=International Classification of Functioning, Disability and Health. 
